Introduction {#S1}
============

Multiple sclerosis (MS) is the most common human demyelinating disease in the CNS characterized by the demyelination as a result of a T cell-mediated autoimmune response \[[@R1]\]. Autoimmune T cells cross the blood brain barrier (BBB), infiltrate the CNS parenchyma, and initiate an inflammatory response \[[@R2]\]. The inflammatory role of autoimmune T cell stems from its crosstalk with microglia, a resident macrophage of the brain \[[@R3]\]. The increased interaction between T cell and microglia leads to produce a series of proinflammatory molecules in microglia that directly or indirectly induce oligodendroglial demyelination and neuronal loss \[[@R1],[@R4]--[@R6]\]. In support of the mechanism, glia-derived cytokines including IL-1β and NO have been shown directly to induce caspases \[[@R7]\], mitochondrial-oxidative stress \[[@R8]\], and other inflammatory reactions \[[@R9]\] in both oligodendrocytes as well as in neuron. Therefore, suppressing microglial activation is an important aspect of research in developing new therapeutic strategy in MS.

So far, several molecules have been reported to suppress glial inflammation in the CNS. Inhibitors of different protein kinases \[[@R10],[@R11]\] including MAP kinase inhibitors RWJ67657 \[[@R12]\], SB203580 \[[@R13]\], and Go6976 \[[@R14]\]; protein kinase C inhibitors, and MLK inhibitors have been shown to inhibit the mRNA expression of and IL-β. Recently, we have shown that carboxy- PTIO, a well-known scavenger of NO \[[@R15]\] and NBD peptide, a NFkB inhibitory-peptide \[[@R16],[@R17]\] significantly attenuated glial inflammation. Apart from these inhibitors, there are also other drugs, which are commonly used for some other disease have been shown to reduce neuroinflammation. For an example, lovastatin, HMG-CoA reductase inhibitor \[[@R18]\]; sodium phenyl acetate (NaPA), a known urea cycle disorder drug \[[@R19]\]; and sodium phenylbutyrate, a prodrug of NaPA \[[@R20]\] inhibited the glia-derived cytokine production. Here we first time highlight the anti-inflammatory role of Th2 cells on account of its ability to contact with microglial cells.

In our previous study we have shown that MBP-primed Th2 cells are capable of inducing neurotrophins in microglial cells via cell-to-cell contact mechanism \[[@R3]\]. Here we have first shown that MBP-primed Th1 cells are capable of inducing the expression of IL-1β and iNOS in microglia via similar T cell-microglia contact and once polarized towards Th2 phenotype, these autoimmune T cells fail to produce the proinflammatory mediators in glial cells via contact mechanism. Interestingly, these T cells efficiently employ similar mechanism to inhibit the glial inflammation triggered by other disease state stimuli like LPS, IL-1β, polyIC, amyloid-β, and gp120 implicating its wide spectrum therapeutic significance. While studying the possible contact molecules in T cell plasma membrane, we observed that MBP-primed Th2 cells express wide range of α and β integrins \[[@R21]\] and among these integrins αV and β3 integrins are upregulated in Th2 condition. The crosstalk of αVβ3 in MBP-primed Th2 cells and PDGFR-β in microglia triggers the activation of CREB to reduce the production of proinflammatory cytokines and iNOS in microglia. Taken together, our present work suggests a novel and appealing anti-inflammatory role of αVβ3 integrins in the context of CNS disorders.

Materials and Methods {#S2}
=====================

Reagents {#S3}
--------

Fetal bovine serum (FBS), Hanks' balanced salt solution (HBSS), DMEM/F-12, RPMI 1640, L-glutamine, and β-mercaptoethanol were from Mediatech. Mouse recombinant interferon-was obtained from R&D. Assay systems for IL-1β and TNF-α were purchased from BD Biosciences. Bovine myelin basic protein was purchased from Invitrogen. Gemfibrozil and Poly(IC) were purchased from Sigma and HIV-1 coat protein gp120 was obtained from US Biological.

Isolation and purification of antigen-primed T cells {#S4}
----------------------------------------------------

Female SJL/J mice were immunized subcutaneously with 400 μg of bovine MBP and 60 μg of *Mycobacterium tuberculosis* (H37RA, Invitrogen) in Incomplete Freund's Adjuvant (Calbiochem). Lymph nodes were collected from these mice, and single cell suspension was prepared in RPMI 1640 medium containing 10% FBS, 2 mM L-glutamine, 50 μM-mercaptoethanol, 100 units/ml penicillin, and 100 μg/ml streptomycin. Cells were cultured at a concentration of 4--5×10^6^ cells/ml in six-well plates. Cells isolated from MBP-immunized mice were incubated with 50 μg/ml MBP for 4 days. The non-adherent cells were collected and passed through the nylon wool column preincubated for a period of 30 min with RPMI 1640 supplemented with 10% FBS at 37°C, 5% CO~2~. The first 15--20-ml eluant was collected, centrifuged at 500×g, and resuspended in RPMI 1640 medium-FBS. Viability and purity of the cells were checked by trypan blue exclusion and FACS analysis, respectively. Approximately 98% cells were found as CD3-positive T cells \[[@R5]\]. These T cell populations were used to stimulate microglial cells.

Isolation of mouse primary microglia {#S5}
------------------------------------

Microglial cells were isolated from mixed glial cultures according to the procedure of Guilian and Baker \[[@R5]\]. On days 7--9, the mixed glial cultures were washed three times with DMEM/F-12 and subjected to a shake at 240 rpm for 2 h at 37°C on a rotary shaker. The floating cells were washed and seeded onto plastic tissue culture flasks and incubated at 37°C for 2 h. The attached cells were removed by trypsinization and seeded onto new plates for further studies. Approximately, 90--95% of this preparation was found to be positive for Mac-1 surface antigen. For the induction of TNF-α production, cells were stimulated with MBP-primed T cells in serum-free DMEM/F-12. Mouse BV-2 microglial cells (a kind gift from Virginia Bocchini of University of Perugia) were also maintained and induced with different stimuli as indicated above.

Stimulation of mouse BV-2 microglial cells and primary microglia by MBP-primed T cells {#S6}
--------------------------------------------------------------------------------------

Microglial cells were stimulated with different concentrations of MBP-primed T cells under serum-free condition. After 1 hr of incubation, culture dishes were shaken and washed thrice with HBSS to lower the concentration of T cells. Earlier, by fluorescence-activated cell sorting analysis of adherent microglial cells using fluorescein isothiocyanate-labeled anti-CD3 antibodies, we demonstrated that more than 80% T cells were removed from microglial cells by this procedure \[[@R5]\]. Then microglial cells were incubated in serum-free media for different periods of time depending on experiments.

Semiquantitative RT-PCR analysis {#S7}
--------------------------------

Total RNA was isolated from BV-2 microglial cells, primary microglia using Ultraspec-II RNA reagent (Biotecx Laboratories, Inc.) following manufacturer's protocol. To remove any contaminating genomic DNA, total RNA was digested with DNase. Semiquantitative RT-PCR was carried out as described earlier \[[@R15]\] using a RT-PCR kit from Clontech. Briefly, 1 μg of total RNA was reverse-transcribed using oligo(dT) 12--18 as primer and MMLV reverse transcriptase (Clontech) in a 20 μl reaction mixture. The resulting cDNA was appropriately diluted, and diluted cDNA was amplified using titanium Taq DNA polymerase and the following primers. Amplified products were electrophoresed on a 1.8% agarose gel and visualized by ethidium bromide staining: iNOS, sense: 5′-CTC CTT CAA AGA GGC AAA AAT A -3′, antisense: 5′-CAC TTC CTC CAG GAT GTT GT -3′; IL-1β, sense: 5′-CTCCATGAGCTTTGTACAAGG-3′, antisense: 5′-TGCTGATGTACCAGTTGGGG-3′; glyceraldehyde-3-phosphate dehydrogenase, sense: 5′-GGTGAAGGTCGGTGTGAACG-3′, antisense: 5′-TTGGCTCCACCCTTCAAGTG-3′. The expression of iNOS and IL-1β was presented after capturing the gel image with a Fluor Chem 8800 Imaging System (Alpha Innotech Corporation).

PCR super array analyses of integrin genes {#S8}
------------------------------------------

Mouse Integrin Gene Family I and II MultiGene-12 RT-PCR Profiling Kit (SupperArray, PM-003B and PM-004B; SABioscience/Biomol, Hamburg, Germany) profiles the expression of 24 key integrin genes in mouse cells. Briefly, total RNA was isolated in mouse MBP-primed Th1 and Th2 cells using Qiagen RNA isolation kit followed by the synthesis of cDNA as described previously. Next, cDNA samples were diluted by 5 times and then 2 μL of diluted cDNA was added in each well of 12 well array strip followed by the amplification of cDNA using syber green technology in AB7500 standard real time PCR machine. The resulting Ct value was normalized with housekeeping gene GAPDH and then plotted in heat map explorer software.

Real Time PCR analysis for iNOS and IL-1β mRNA {#S9}
----------------------------------------------

It was performed using the ABI-Prism7700 sequence detection system (Applied Biosystems) as described earlier \[[@R22]\]. Briefly, reactions were performed in 96-well optical reaction plates on cDNA equivalent to 50 ng of DNase-digested RNA in a volume of 25 μl, containing 12.5 μl of TaqMan Universal Master Mix and optimized concentrations of carboxyfluorescein-labeled probe, forward and reverse primers, following manufacturer's protocol. All primers and FAM-labeled probes for mouse iNOS, IL-1β, and glyceraldehyde-3-phosphate dehydrogenase were obtained from Applied Biosystems. The mRNA expression of iNOS and IL-1β was normalized to the level of glyceraldehyde-3-phosphate dehydrogenase mRNA. Data were processed by the ABI Sequence Detection System 1.6 software and analyzed by analysis of variance.

Antisense knock-down of CREB in microglial cells {#S10}
------------------------------------------------

Selective reductions in CREB levels in the microglial cells were achieved by use of an antisense oligonucleotide strategy as described earlier \[[@R3]\]. The following custom-made oligonucleotide sequences were used: CREB antisense, 59 TGGTCATTTAGTTACCGGTG 39 and CREB missense, 59 GACCTCAGGTAGTCGTCGTT 39 (Invitrogen, Life technologies). The antisense sequence was designed at the translation start site of CREB mRNA to inhibit the translation of CREB protein.

Assay for NO synthesis {#S11}
----------------------

Synthesis of NO was determined by assay of culture supernatants for nitrite, a stable reaction product of NO with molecular oxygen. Briefly, supernatants were centrifuged to remove cells, and 400 μl of each supernatant was allowed to react with 200 μl of Griess reagent \[[@R23]\] and incubated at room temperature for 15 min. The optical density of the assay samples was measured spectrophotometrically at 570 nm. Fresh culture media served as the blank. Nitrite concentrations were calculated from a standard curve derived from the reaction of NaNO~2~ in the assay.

Results {#S12}
=======

Anti-inflammatory role of MBP-primed Th2 cells {#S13}
----------------------------------------------

LPS is the prototypic inducer of microglial activation \[[@R15],[@R24]\] and MBP-primed Th1 cells have been shown to induce the expression of inflammatory molecules in microglia \[[@R25]\]. Consistently, we also observed that both LPS and Th1 cells were able to induce the mRNA expression of iNOS and IL-1β when treated on primary microglia with their increasing doses. Now we are interested to investigate the effect of MBP primed Th2 cells on the LPS-induced microglial expression of iNOS and IL-1β. Earlier we have shown that gemfibrozil (gem) stimulates the polarization of MBP-primed Th1 cells towards Th2 cells \[[@R19]\] and therefore here we also used gemfibrozil as a Th2 polarizing agent. Here we observed that increasing doses of MBP-primed Th1 cells dose dependently stimulated the expression of iNOS and IL-1β in LPS-stimulated microglia ([Figure 1A](#F1){ref-type="fig"}) indicating the inflammatory properties of MBP-primed Th1 cells. Interestingly, the same LPS failed to induce the mRNA expression of these inflammatory genes in microglia when microglia pre-treated with increasing doses of MBP-primed Th2 cells ([Figure 1B](#F1){ref-type="fig"}). We confirmed our findings by real-time PCR analysis ([Figures 1C and 1D](#F1){ref-type="fig"}). According to quantitative estimation, the LPS-stimulated microglial expression of iNOS and IL-1β gene had been found to be reduced by 5 to 10 fold in the presence of MBP-primed Th2 cells in the ratio of 0.2:1 Th2 cell: microglia. Similarly, MBP-primed Th2 cells also dose-dependently suppressed the LPS-stimulated production of NO microglia ([Figures 1E and 1F](#F1){ref-type="fig"}). These results together suggest that MBP-primed Th2 cells are capable of inhibiting the expression of proinflammatory molecules in LPS-treated mouse primary microglia.

Autoimmune T cells with Th2 phenotype inhibit microglial inflammatory response {#S14}
------------------------------------------------------------------------------

Gemfibrozil, a well-known PPAR-α agonist, had been previously shown to produce Th2 cytokines from T cells \[[@R26],[@R27]\]. Therefore, we wanted to investigate whether the anti-inflammatory effect of gemfibrozil treated MBP-primed T cells is due to its Th2 phenotype or due to possible contamination of gemfibrozil itself. To test that, we have treated LPS-stimulated microglial cells with different sets of other MBP-primed Th2 cells. In our previous work, we have demonstrated that in the presence of these treatment conditions, most of the MBP-primed Th1 cells were converted into genuine Th2 cells \[[@R3]\]. These MBP-primed Th2 cells were generated by preconditioning MBP-primed Th1 cells with standard Th2 inducers such as IL-4+anti-IL-12 blocking antibody combination and sodium phenyl acetate (NaPA). Interestingly, (IL-4+anti-IL-12)-treated MBP-primed Th2 cells and NaPA-treated MBP-primed Th2 cells also suppressed the expression of iNOS and IL-1β in microglia ([Figures 2A and 2C](#F2){ref-type="fig"}). Moreover, our realtime PCR analysis further supported that different MBP-primed Th2 cells but not MBP-primed Th1 cells suppressed the LPS-stimulated mRNA expression of inflammatory molecules ([Figures 2B and 2D](#F2){ref-type="fig"}) with their increasing doses.

MBP-primed Th2 cells suppressed the expression of iNOS and IL-1β in different neurotoxin-stimulated microglia {#S15}
-------------------------------------------------------------------------------------------------------------

Microglial activation and inflammation play crucial role in various neuroinflammatory and neurodegenerative diseases including viral encephalopathy, Alzheimer's disease (AD), Parkinson disease (PD), HIV-associated dementia (HAD), and multiple sclerosis (MS). Therefore, next we were prompted to investigate if MBP-primed Th2 cells were capable of suppressing the expression of inflammatory molecules in microglia in the presence of different neurotoxins such as poly-IC (viral encephalopathy), HIV-1-coat protein gp120 (HAD), Amyloid-β (AD) and MPP+(PD). Surprisingly, our semi-quantitative mRNA analysis revealed that MBP-primed Th2 cells dose-dependently inhibited the expression of inflammatory molecules in different neurotoxin-stimulated microglia ([Figures 3A and 3D](#F3){ref-type="fig"}), suggesting the therapeutic importance of MBP-primed Th2 cells in the suppression of various inflammatory markers that contribute to the pathogenesis of many neuronal diseases.

MBP-primed Th2 cells suppressed the LPS-stimulated microglial inflammation via-cell-to-cell contact {#S16}
---------------------------------------------------------------------------------------------------

Next we wanted to investigate the molecular mechanism for the MBP-primed Th2 cell mediated suppression of inflammation in microglia. Earlier we have shown that cell-to-cell contact mechanism between MBP-primed Th2 cells and microglia is crucial for inducing the expression of neurotrophins in microglia \[[@R3]\].

Similarly here we examined if the contact between Th2 cells and glial cells is necessary for the inhibition of iNOS and IL-1β expression. First, Naive T cell, MBP-primed Th1, and Th2 cells were placed in a culture insert at a ratio of 0.5:1 T cell: microglia, where they were in close proximity to, but not contacting LPS-stimulated microglia. Interestingly, we observed almost no suppression of iNOS and IL-1β mRNA expression in microglia when Th2 cells were placed within culture inserts ([Figures 4A and 4B](#F4){ref-type="fig"}). To further prove that it is a contact-mediated effect, we isolated plasma membranes of Th1 and Th2 cells and added to LPS-treated microglia. Plasma membranes of MBP-primed Th2 cells but not Th1 cells significantly attenuated the LPS-stimulated expression of iNOS and IL-1β mRNA ([Figures 4C and 4D](#F4){ref-type="fig"}) whereas membrane of naive T cells does not show any effect in mouse primary microglial cells. On contrary, we observed that membrane fraction of Th1 cells alone or together with LPS stimulated the mRNA expression of iNOS and IL-1β in microglial cells suggesting that T cell-to-microglia contact is also important for Th1 cells to induce the expression of proinflammatory molecules in glial cells ([Figures 4C and 4D](#F4){ref-type="fig"}). Interestingly, our immunocytochemical analyses further revealed that MBP-primed Th2, but not Th1 cells indeed inhibited the LPS-stimulated expression of iNOS protein via cell-to-cell contact mechanism ([Figure 4E](#F4){ref-type="fig"}) in mouse primary microglia. Taken together, our results suggest that MBP-primed Th2 are able to suppress the expression of inflammatory molecules via cell-to-cell contact mechanism.

Identification of contact molecules on MBP-primed Th2 cells and glia responsible for glial expression of neurotrophins {#S17}
----------------------------------------------------------------------------------------------------------------------

Since T cells express wide range of integrins in the membrane and cell-to-cell contact is very important in our present context of study, we are interested to investigate the expression of different integrin molecules in both MBP-primed Th1 and Th2 cells. Our multi-PCR gene array analysis ([Figure 5A](#F5){ref-type="fig"}) revealed that αL, αV, αX, α3, β1, β2, β3 β4, β5, β6, and β7 genes were upregulated whereas the mRNA expression of αe, α2, α2b, α4, α7, α9, and α10 integrins were downregulated in MBP-primed Th2 cells ([Figure 5B](#F5){ref-type="fig"}). The analysis was summarized as shown in the Venn diagram in ([Figure 5C](#F5){ref-type="fig"}). According to our super array analysis, the mRNA expression αV integrin and its binding partner β3 is significantly higher in MBP-primed Th2 cells. Therefore, next we confirmed their mRNA expressions along with two other integrin molecules α4 and β1 by PCR analysis. Both our semiquantitative RT-PCR ([Figure 5D](#F5){ref-type="fig"}) and real time PCR analyses ([Figure 5E](#F5){ref-type="fig"}) confirmed that the expression of αV and β3, but not α4 and β1, was significantly higher in MBP-primed Th2 cells as compared to MBP-primed Th1 cells indicating their possible role in the cross-talk with microglial membrane molecules.

Next we investigated whether αV and β3 integrins are involved in the suppression of iNOS and IL-1β in microglia. To study that, we used neutralizing antibodies against α4, αV, β1 and β3. Interestingly neutralization αV and β3, but not α4 and β1 in MBP-primed Th2 cells were unable to suppress the expression of iNOS and IL-1β mRNA expression in LPS-stimulated microglia via cell-to-cell contact mechanism ([Figures 6A and 6B](#F6){ref-type="fig"}). Moreover, we found that application of MBP-primed Th2 cells with increasing concentrations of αV and β3 12 neutralizing antibodies, but not α4 and β1 antibodies, dose dependently induced the mRNA expression of iNOS and IL-1β in LPS-treated microglia ([Figures 6A and 6C](#F6){ref-type="fig"}). In order to confirm our findings we quantified the release of NO in the supernatants of microglial cells incubated with neutralized MBP-primed Th2 cells for 24 hrs. As expected the neutralization of both αV and β3 in Th2 cells was unable to inhibit the release of NO in LPS-treated microglia ([Figures 6B and 6D](#F6){ref-type="fig"}) whereas blocking of α4 and β1. These results together suggest that both of αV and β3 are involved in the suppression of inflammatory molecules in microglia via cell-to-cell contact mechanism.

The anti-inflammatory role of PDGF receptor β of microglia {#S18}
----------------------------------------------------------

So far, we explored the anti-inflammatory effect of αV and β3 integrins of T cells when allowed to cross-talk with microglia. Next we want to investigate the receptor on microglial cells that interacts with αVβ3 complex of Th2 cells in order to suppress microglial inflammation. It has been reported earlier that αVβ3 integrin complex interacts with PDGF receptor β. Therefore, next we were interested to study if microglia expresses PDGFRβ. Our mRNA analysis ([Figure 7A](#F7){ref-type="fig"}) indicated that primary microglia cells expressed PDGFRβ, but not PDGFRα and that expression was even upregulated when treated with LPS. Next, we wanted to explore the effect of PDGFRβ on the expression of iNOS and IL-1β in LPS-treated microglia when incubated with MBP-primed Th2 cells. Microglia treated with increasing concentrations of PDGFRβ neutralizing antibody, but not VEGFR antibody, was unable to suppress the mRNA expression of iNOS and IL-1β ([Figure 7B](#F7){ref-type="fig"}) and production of nitrite ([Figure 7C](#F7){ref-type="fig"}) in LPS-treated microglia in the presence of MBP-primed Th2 cells suggesting that the interaction between PDGFRβ receptor in microglia and the αVβ3 integrin complex of MBP-primed Th2 cell is crucial in the suppression of inflammatory molecules in mouse microglial cells.

The DNA binding activity of CREB in MBP-primed T cell mediated expression of IL-1β and iNOS {#S19}
-------------------------------------------------------------------------------------------

Next we are interested to investigate the intracellular signaling mechanism in microglia when allowed to interact with MBP-primed Th2 cells. Earlier it has been shown that both IL-1β and iNOS gene promoters contain one or more binding site for cAMP-responsive element binding protein (CREB) \[[@R28]--[@R30]\] and the upstream activation of CREB is required for the downregulation of iNOS and IL-1β in astrocytes \[[@R31]\]. Therefore, next we hypothesized that CREB is also involved in the downregulation of the proinflammatory genes in microglia once incubated with MBP-primed Th2 cells. To verify that we measured CRE- luciferase activity in microglia in the presence of both MBP-primed Th1 and Th2 cells ([Figure 8A](#F8){ref-type="fig"}). Surprisingly, MBP-primed Th2, but not Th1 cells significantly induced the CRE-luciferase activity in microglia suggesting that the activation of CREB in microglia can be achieved by the contact between MBP-primed Th2 cell and microglia.

Next, we wanted to study if the interaction between αVβ3 integrin complex of Th2 cells and PDGFRβ receptor of microglia is required for the activation of CREB in microglial cells. Interestingly, the neutralization of αV and β3, but not α4 and β1 in Th2 cells inhibited the activation of CREB in microglial cells ([Figure 8B](#F8){ref-type="fig"}). Similarly, the blocking of PDGFRβ, but not VEGFR attenuated the activation of CREB in microglia once allowed to come in contact with MBP-primed Th2 cells ([Figure 8B](#F8){ref-type="fig"}). Next, we wanted to study if the activation CREB is required in the suppression of iNOS and IL-1β in microglia in the presence of MBP-primed Th2 cells. Interestingly, treatment with specific antisense oligonucleotide (Aso) of CREB ([Figure 8C](#F8){ref-type="fig"}), but not scrambled oligonucleotide (ScO) failed to inhibit the mRNA expression of iNOS and IL-1β in microglial cells when treated with MBP-primed Th2 cells, suggesting that the microglial activation of CREB ([Figure 8D](#F8){ref-type="fig"}) is required for the Th2 cell-mediated inhibition of inflammatory genes in microglia. The results had been confirmed by quantitative PCR analysis ([Figure 8E](#F8){ref-type="fig"}).

Discussion {#S20}
==========

MBP-primed Th2 cells have been shown to be beneficial in autoimmune diseases like MS \[[@R3],[@R32]\]. However, the mechanism by which Th2 cells suppresses the glial activation is poorly understood. Here we have reported a novel signaling mechanism by which Th2 cell suppresses glial activation. Severe activation of glial cells (microglia and astroglia) or gliosis has been implicated in the pathogenesis of a wide range of neuroinflammatory and neurodegenerative disorders including multiple sclerosis (MS), Alzheimer's disease (AD), Parkinson's disease (PD), stroke, Creutzfeld-Jacob disease, and HIV-dementia \[[@R33]\]. Upon activation, glial cells produce and secrete potentially neurotoxic pro-inflammatory molecules including cytokines, reactive oxygen species, and reactive nitrogen species that play an important role in the pathogenesis of neurodegenerative and neuroinflammatory disorders \[[@R33]--[@R36]\]. Recently we have shown that MBP-primed Th1 cells induce different proinflammatory molecules (IL-1β, IL-1α, TNF-α, IL-6, and NO) in microglia through cell-to-cell contact \[[@R4],[@R5]\]. Here we demonstrate that MBP-primed Th2 cells suppress the expression of IL-1β and NO in glial cells via cell-to-cell contact. Our conclusion is based on the following observations. First, MBP-primed Th2, but not Th1, cells inhibited the expression of iNOS and IL-1β in LPS-stimulated mouse primary microglia with their increasing doses. Second, MBP-primed Th2 cells also dose-dependently inhibited the expression of iNOS and IL-1β in poly-IC-, gp120-, Aβ-, and MPP+-stimulated mouse primary microglial cells suggesting the beneficial role of Th2 cells in different neurodegenerative disorders. Third, the placement of Th2 cells in a culture insert, where they were in close proximity to, but not contacting microglia, was unable to inhibit the expression of inflammatory molecules in LPS-stimulated microglial cells. Fourth, plasma membranes of MBP-primed Th2 cells but not Th1 cells alone inhibited the expression of iNOS and IL-1β in LPS-stimulated glial cells.

Since Th2 cell-to-microglia attachment is important for the suppression of glial inflammation, identification of the receptor molecule in Th2 cells is mandatory to understand the contact-mediated suppression of inflammatory molecules in microglial cells. Earlier we have shown that α4 and β1 integrin molecules of Th1 cells are inflammatory as these integrins directly stimulate the production of IL-1β and NO in glial cells \[[@R37]\] via similar cell-to-cell contact mechanism. In our present manuscript we have reported that Th2 cells are associated with the upregulated expression of αV and β3 integrin molecules, which are shown to suppress the expression of IL-1β and NO in microglial cells. First, our mRNA based superarray analyses followed by individual PCR reaction confirmed that Th2 cells are associated with the elevated level of αV and β3, but not α4 and β1 integrins. Second, the neutralization of αV and β3 integrins in Th2 cells abrogated their ability to suppress the LPS-stimulated expression of IL-1β and NO in microglial cells.

Platelet derived growth factor receptor beta (PDGFRβ) has been known to be the receptor of αVβ3 integrin molecules \[[@R38]\]. Consistent with previous reports \[[@R39]\], we also observed that microglial cells express significant amount of PDGFRβ, but not PDGFRα. Interestingly, blocking of PDGFRβ, but not other related integrin receptors like VEGFR, was unable to inhibit the LPS-stimulated expression of IL-1β and NO in the presence of Th2 cells suggesting the anti-inflammatory role of PDGFRβ receptor.

Activation of CREB is often observed to be associated with the reduction of inflammatory events in the CNS \[[@R40],[@R41]\]. In our recent study, we have shown that the activation CREB directly regulates the transcription of anti-inflammatory molecule IL-1Ra in neurons, which is an endogenous antagonist ligand of IL-1 receptor \[[@R42]\]. In that study we have shown that the activation of PI3K-Akt pathway is required for the downstream activation of CREB and subsequent transcription of IL-1Ra molecule. In another study, we have shown that PI3K-Akt-CREB pathway is also needed for the suppression of NFkB activation via transcriptional upregulation of IkBα \[[@R43]\]. Since NF-kB is required for the expression of inflammatory molecules in microglial cells, CREB is involved in the suppression of inflammatory molecule via suppression of NFkB activation in microglial cells. Therefore, we were prompted to investigate if CREB was playing a role in T cell contact-mediated suppression of iNOS and IL-1β in microglial cells. Interestingly, only MBP-primed Th2 cells but not Th1 cells induced the activation of CREB in glia by cell-to-cell contact. Furthermore, Th2 cells were unable to suppress the LPS-stimulated expression of iNOS and IL-1β in microglia in which CREB was knocked down by CREB AsO. Interestingly, the neutralization of αV and β3 in Th2 cells abrogated the ability of these cells to induce contact-mediated activation of CREB in glial cells. Similarly, functional blocking of PDGFRβ but not VEGF-R on glial cells also suppressed Th2 cell-induced activation of CREB in glial cells. Therefore our study highlights a novel mechanism of CREB regulation in microglial cells where the cross-talk between αVβ3 integrin complex of Th2 cells and PDGFRβ of microglia is crucial for the downstream activation of CREB.

In summary our present study proposes a novel anti-inflammatory role of Th2 cells owing to T cell-to-microglia contact. Here we demonstrate that αV and β3 integrin molecules in Th2 cells and PDGFRβ receptor in microglial cells play crucial role in conferring the anti-inflammatory properties in microglia via activation of CREB.

This study was supported by National Institutes of Health grant (AT6681) and Veteran Affairs Merit Award (I01BX002174) to KP.

![Gemfibrozil treated MBP-primed T cells inhibit iNOS and IL-1β in primary microglia\
Lymph node cells of MBP-immunized mice were treated with 50 μg/mL MBP alone or together with 25 μM gemfibrozil (Gem) for 4 days to prepare MBP-primed Th1 and Th2 cells respectively. After that, these T cells were cultured over LPS-treated primary microglia in different ratio ranging from 0.2:1 to 0.7:1 for 1 hr followed by the mRNA analysis of iNOS and IL-1β. After 5 hrs of incubation with MBP-primed Th1 cells **(A)** the mRNA expression of iNOS and IL-1β were analyzed in LPS-treated mouse primary microglia by RT-PCR and confirmed by real-time PCR analysis **(C)**. *^a^p*\<0.01 vs. control IL-1β; *^b^p*\<0.001 *vs*. control iNOS. Similarly, after 5 hrs incubation with Th2 cells the mRNA expression of these genes was performed by RT-PCR **(B)** and then confirmed by quantitative real time PCR analysis **(D)**. *^a^p*\<0.0001 vs. IL-1β in LPS-treated microglia; *^b^p*\<0.001 *vs*. iNOS in LPS-treated microglia. After 24 hr of stimulation with MBP-primed Th1 **(E)** and Th2 **(F)** cells, supernatants of LPS-treated mouse primary microglia were analyzed for nitrite assay. Results are derived as mean ± SD of three different experiments. *^a^p*\<0.0001 *vs*. control nitrite; *^b^p*\<0.0001 *vs*. nitrite in LPS-treated cells. Results are mean ± SD of three independent experiments.](nihms528263f1){#F1}

![Pre-conditioned MBP-primed Th2 cells suppress iNOS and IL-1β in mouse primary microglia\
MBP-primed T cells from SJL/J mice were treated with IL-4 plus anti-IL-12 antibody combination (IL-4/ΔIL-12 Ab) and NapA for 4 days to polarize Th2 condition followed by the treatment on LPS-stimulated mouse primary microglia. After 5 hrs of incubation with IL-4/ΔIL-12 Ab, the mRNA expression of iNOS and IL-1β were analyzed by RT-PCR **(A)** and realtime PCR analysis **(B)**. *^a^p*\<0.001 *vs*. LPS-stimulated IL-1β; *^b^p*\<0.001 *vs*. LPS-stimulated iNOS. After 5 hrs of incubation with NaPA, the mRNA expression of iNOS and IL-1β were analyzed by RT-PCR **(C)** and realtime PCR analysis **(D).** *^a^p*\<0.001 *vs*. LPS-stimulated IL-1β; *^b^p*\<0.001 *vs*. LPS-stimulated iNOS. Data are mean ± SD of three independent experiments.](nihms528263f2){#F2}

![MBP-primed Th2 cells inhibit the expression of iNOS and IL-1β in PolyIC-, gp120-, Aβ-, and MPP+-treated mouse primary microglia\
Primary microglia received different concentrations (T cells: microglia; 0.2:1, 0.5:1) of gem-treated MBP-primed Th2 cells. After 1 h of contact, culture dishes were shaken and washed three times with HBSS to remove T cells followed by incubation of adherent microglia with 100 μg/ml poly IC, 200 pg/ml gp120, 2 μM fibrillar gp120 and 1μM MPP+. After another 5 hr of incubation, the mRNA expression of IL-β and iNOS was analyzed in **(A)** PolyIC-, **(B)** gp120-, **(C)** Aβ-, and **(D)** MPP+-treated mouse primary microglia.](nihms528263f3){#F3}

![MBP-primed Th2 cells inhibit the LPS-stimulated expression of IL-1β and iNOS in mouse primary microglia via cell-to-cell contact\
Microglia received different concentrations of Th2 cells within insert. After 1 hr, inserts are removed followed by the stimulation of microglial cells with LPS (0.5 μg/ml) for 1 hr in serum-free condition. After another 5 h of incubation, the mRNA expression of iNOS and IL-1β was analyzed by RT-PCR **(A)** and by real-time PCR **(B)**. Next, Microglia were stimulated by plasma membranes (equivalent to 0.5:1 of T cell: glia) of normal T cells, MBP-primed Th1 and MBP-primed Th2 cells separately. After 1 hr, microglial cells were stimulated with LPS (0.5μg/ml) LPS. After another 5 h, microglial cells were analyzed for the expression of iNOS and IL-1β mRNAs by semi-quantitative RT-PCR **(C)** and quantitative real-time PCR **(D). (E)** Immunocytochemical analyses showed the interaction between CD3-immunostained T cells (red) and iNOS (green) positive LPS-treated microglia. Data are the mean ± S.D. of three different experiments. NS=not significant.](nihms528263f4){#F4}

![Expression of different integrins in MBP-primed Th1 and Th2 cells\
Th1 and Th2 cells were analyzed for the expression of different integrins by super array gene array analysis (Super Array). **(A)** Heatmap analysis of differential expression of α and β integrin molecules in Th1 and Th2 cells. **(B)** The histogram analysis of super array. Red indicates the minimum and blue indicates the maximum expression in the scale. **(C)** Venn diagram analysis summarizes the number of integrins upregulated (blue circle), downregulated (red circle), and unaltered (common area) in MBP-primed Th2 cells compared to Th1 cells. The mRNA expression of αV, α4, β1, and β3 in Th1 and Th2 cells was verified by semi-quantitative RT-PCR **(D)** and realtime PCR **(E)** analyses. Results represent three independent experiments. *^a^p*\<0.01, *^b^p*\<0.05, *^c^p*\<0.01, and *^d^p*\<0.05 *vs*. control expression of αV, α4, β3, and β1 respectively.](nihms528263f5){#F5}

![Effect of neutralizing antibodies against α4, αV, β1, and β3 integrins on MBP-primed Th2 cell-mediated inhibition of LPS-stimulated iNOS and IL-1β expression in mouse primary microglia\
Th2 cells were incubated with different concentrations of neutralizing antibodies against αV, α4, β3, and β1, and then added to mouse primary microglia at a ratio of 0.5:1 T cell: microglia. After 1 h of stimulation, T cells were removed followed by incubation of adherent microglia with LPS (0.5 μg/ml) in serum-free media. (A) After another 5 h of incubation, the expression of iNOS and IL-1β was analyzed by RT-PCR in LPS-stimulated microglial cells incubated with either α4 or αV (1--2 μg/mL) neutralizing antibody-treated Th2 cells. **(B)** After 24 hrs, nitrite was measured in the respective supernatants by Griess method described under "Materials and Methods" section. *^a^p*\<0.001 *vs*. nitrite in control glia and *^b^p*\<0.001 *vs*. nitrite in only MBP-Th2 treated glia. Similarly, RT-PCR **(C)** analyses of IL-1β and iNOS were performed in microglial cells and nitrite **(D)** production was measured in the supernatants in LPS-stimulated microglia that received β1 or β3 (1--2 μg/mL) blocking antibody-treated Th2 cells. *^a^* \<0.001 *vs*. control cells and *^b^p*\<0.001 MBP-primed Th2 cells. Data are mean ± S.D. of three different experiments.](nihms528263f6){#F6}

![Effect of neutralizing antibodies against PDGFRβ and VEGF-R on MBP-primed Th2 cell-mediated suppression of iNOS and IL-1β in mouse primary microglia\
**(A)** T cells (MBP-primed Th1 and Th2) and primary microglia (with or without LPS) were analyzed for PDGFRα and PDGFRβ mRNAs by semi-quantitative RT-PCR. Microglia were incubated with different concentrations of neutralizing antibodies against either PDGFRβ or VEGF-R (1--2 μg/mL). Excess antibodies were removed after 1 h of incubation followed by the stimulation of microglia by Th2 cells at a ratio of 0.5:1 T cell: microglia. After 1 h of stimulation, T cells were removed followed by incubation of adherent microglia with LPS (0.5 μg/ml) in serum-free media. After another 5 h of incubation, the expression of iNOS and IL-1β was analyzed by RT-PCR **(B).** After 24 h of incubation (total), supernatants were used to assay nitrite by Griess method described under "Materials and Methods" section **(C).** Data are mean ± S.D. of three different experiments. *^a^p*\<0.001 *vs*. control, *^b^p*\<0.001 *vs*. Th1-treated, and *^c^p*\<0.001 *vs*. Th2-treated microglial cells.](nihms528263f7){#F7}

![Role of CREB in MBP-primed Th2 cell contact-inhibited glial expression of iNOS and IL-1β\
**(A)** Mouse BV-2 microglia were co-transfected with pCRE-Luc and pRL-TK. After 24 hr of transfection, cells were stimulated with Th1 and Th2 cells. After 1 hr, T cells were removed and adherent microglia received LPS (0.5 μg/ml) in serum-free media. After 5 hr, firefly and Renilla luciferase activities were assayed. Data are mean ± S.D. of three different experiments. *^a^p*\<0.001 *vs*. control (no T cells), *^b^p*\<0.01 *vs*. MBP-Th2, and *^c^p*\<0.01 *vs*. MBP-Th2 treated cells. **(B)** Th2 cells were treated with 0.5 μg/ml of antibodies against αV (ΔαV), α4 (Δα4), β3, (Δβ3), that were previously transfected with pCRE-Luc and pRL-TK. *^a^p*\<0.001 *vs*. control, *^b^p*\<0.001 *vs*. LPS+MBP-Th2, and *^c^p*\<0.001 *vs*. LPS+MBP-Th2 treated cells. Similarly BV-2 microglia was transfected with pCRE-Luc and pRL-TK. After 24 h of transfection, microglia were incubated with different concentrations of antibodies against either PDGFRβ (ΔPDGFRβ) or VEGF-R (ΔVEGFR) for 1 h followed by stimulation with Th2 cells (0.5:1 of T cell: glia). After 5 h, firefly and Renilla luciferase activities were assayed in microglia. Data are mean ± S.D. of three different experiments. **(C)** Primary microglia was incubated with 1 μM antisense (ASO) and scrambled (ScO) oligonucleotides against CREB. After 42 h of incubation, the expression of CREB mRNA was examined by RT-PCR. **(D)** Microglia preincubated with 1 μM ASO or ScO against CREB for 36 h were stimulated with Th2 cells and LPS as described above. After 5 h, microglia were analyzed for iNOS and IL-1β mRNAs by RT-PCR. **(E)** After 24 h, concentration of nitrite was analyzed in supernatants by ELISA. *^a^p*\<0.001 *vs*. nitrite in Th2 -treated microglial cells **(F)** A schematic diagram of Th2 cell and microglial interaction leading to the activation of CREB and suppression of inflammation in microglial cells.](nihms528263f8){#F8}
